Abstract: When a railway vehicle moves on a curved rail, sliding contact occurs between the rail head side and wheel flange, which wears the wheel flange down. The thinned flange needs to be restored above the required minimum thickness for structural safety. In this study, a new process and welding wire for restoring worn-out railway wheels by submerged arc welding was developed. To characterize the properties of the restored wheel, dilatometric analysis of phase transformation, SEM/EDX analyses, hardness measurement, and residual stress measurement using the X-ray diffraction method were performed. Finally, wear tests with full-size wheel/rail specimens were carried out. It was confirmed that the weld metal was composed of bainitic microstructures as intended, and welding defects were not observed. The wear amount of the restored wheel was greater than that of the base material, but it was less than half of the wear depth of the weld-repaired wheel with ferritic-pearlitic microstructures. The developed process seems applicable to industry.
Introduction
Railway vehicles move on the rail using frictional force between the rail and the wheel. When a railway vehicle rolls in a straight line, the wheel-rail rolling contact mostly occurs between the wheel tread and rail head top surface. On a curved line, sliding contact also takes place between the wheel flange and rail head side, which wears and thins the wheel flange down. The flange plays an important role in supporting the lateral force transmitted by the centrifugal force of the vehicle. So a certain thickness is necessary for structural safety. When the flange thickness becomes thinner than the specified value, the wheel section profile is restored by machine work, which shaves off much of the rim of the wheel, so the wheel reaches the end of its lifetime after several times of reprofiling. It is estimated that more than a million railway wheels are discarded globally every year due to flange wear. It takes lots of time and money to dispose of worn-out wheels and to manufacture new wheels. Producing new wheels consumes a great deal of energy and emits a lot of carbon dioxide.
For the above reasons and sustainable development, overlay welding has been widely used in industry to extend the lifetime of the worn-out parts, and/or to protect the wear of machine parts such as valve seat ring [1] , chisel ploughshare [2] , excavator teeth [3, 4] , pipeline valve [5] , crane wheel [6, 7] , turbine blade [8] , railway wheels [9, 10] , etc. Plasma transfer arc welding, gas metal arc welding, laser beam welding, and submerged arc welding are used for overlay welding [11] . Malinov et al. [6] reconditioned worn crane wheels by welding and obtained weld metal containing austenite reinforced with carbide. The weld metal showed a self-quenching effect by martensitic transformation under service loading. Anan'ev et al. [7] investigated the effect of welding wire on the microstructures and wear resistance of hardfaced crane wheels. Concerning the repair welding of railway vehicle wheels, a lot of study on wheel flange hardfacing has been performed in Ukraine, and hardfaced wheels have been practically used. Gajvoronsky et al. [9] hardfaced a wheel with a composition of 0.625 wt.% C; 0.73 Mn; 0.31 Si; 0.11 V by submerged arc welding. They showed the influence of post weld cooling rate on the microstructures and mechanical properties. When the cooling rate was lowered from 33 °C /s to 11.1 °C /s, martensitic content in the heat affected zone decreased; the volume fraction of ferrite-pearlite component increased; and the bainite content was stabilized. Markisha et al. [10] studied the effect of welding wire composition on microstructure and mechanical properties. Using welding wire with C 0.12 wt.%, Mn 1.0, Si 0.35, Cr 0.67, Ni 0.8, V 0.1, Mo 0.4, a weld metal composed of bainitic and martensitic phases was obtained, and that composition gave the weld metal relatively higher yield strength and fracture toughness.
The two basic requirements of materials for railway wheels and rails are wear resistance and rolling contact fatigue resistance. In general, these properties are incompatible with each other. Conventionally ferritic-pearlitic alloys have been used for railway wheels and rails. Although they have many merits such as low cost, wear resistance, weldability and easy production, etc., it is difficult to further improve their mechanical strength and rolling contact fatigue resistance. One alternative is bainitic steel, which is known to have higher mechanical strength and fracture toughness than ferritic-pearlitic steels. Gianni et al. [12] presented a bainitic railway wheel for heavy haul application, and showed through field tests in a service line that it had a better rolling contact and thermal fatigue resistance than an AAR Class C wheel with ferritic-pearlitic structures.
In this study, the main focus is on the development of a hardfacing process and welding wire for worn wheel flanges using submerged arc welding which gives the weld metal a bainitic micro structure. Characterization of the mechanical properties, microstructural examination, and residual stress measurement, and wear tests, etc. were carried out.
Materials and Methods

Welding Wire and Dilatometric Analysis of Phase Transformation
Overlay-welded wheels have to satisfy basic properties such as hardness, mechanical strength, fracture toughness, elongation rate, wear resistance, etc. For this purpose, a welding wire must first be developed. Several candidate materials have been tried. After various tests for the candidate materials, one was chosen. The material was composed of C 0.06 wt.%, Mn 2.37, Si 1.38, Cr 0.90, Ni 0.53, Ti 0.026, V 0.06 (Table 1 ). φ2.0 welding wire was produced using the material. In Table 1 , the composition of the wheel is from Korean Standard KS R 9221 [13] . The composition of the weld metal were measured in the weld metal fusion zone.
To investigate phase transformation behavior of weld metal under various cooling rates, 0.1~50 °C/s., a dilatometer (Theta, New Castle, USA) measuring the length change of the specimens (φ4, length 10) was used. The length change can be caused by both the thermal expansion and the phase transformation. The latter gives an abrupt length change, so the phase transformation temperature can be found. After heating from 25 °C to 950 °C and cooling to 25 °C , microstructures were observed using scanning electronic microscope (SEM) (JEOL JSM-5900, Peabody, USA. Figure  1 shows the length change at cooling rate 0.1 °C /s, and the microstructures observed at 1000× and 5000× magnification at room temperature. Ferrite (Black) accounted for the majority. The rest was a small amount of martensite and bainite. When the austenitic specimen at 950 °C cooled down, the ferrite started to be generated near 710 °C . The polygonal ferritic grains were quite large in size. When the temperature of the specimen was about 380 °C , the residual austenite was transformed into bainite. At lower temperatures, martensite was obtained. The Vickers hardness was 277 Hv. Figure 2 shows the results at a cooling rate of 0.5 °C /s. It was found that the thermal expansion curve was different from the curve at cooling speed of 0.1 °C /s, and the ferritic and bainitic structures were finer compared to those at 0.1 °C /s. The ferrite and bainite accounted for the majority, and the amount of martensite slightly increased. The Vickers hardness was 298 Hv. Figure 3 shows the results at a cooling rate of 1.0 °C /s. The fraction of ferrite decreased very much, on the other hand, the fraction of the martensite increased significantly. The bainitic structure became even finer, because more nuclei of phase transformation were generated due to rapid cooling rate. The Vickers hardness of the specimen, 331 Hv was larger than the hardness 277 Hv at a cooling rate of 0.1 °C /s. Figure 4 presents the results at cooling rates of 3 °C /s. The specimen was composed of bainite and martensite, and the microstructures were much finer. The Vickers hardness was 362 Hv. Figure 5 is the results at cooling rates of 10 °C /s. The specimen was composed of bainite and martensite, and the microstructures were much finer. The Vickers hardness was 390 Hv. Figure 6 is the results at cooling rates of 20 °C /s. Most was martensitic, and the bainite was a little. At the martensitic transformation temperature, 400 °C , the length of the specimen suddenly decreased. The Vickers hardness was 430 Hv. Figure 7 shows the results at cooling rates of 50 °C /s. The microstructure was almost 100% martensite. At the martensitic transformation temperature, 400 °C the length of the specimen suddenly decreased. The hardness of the specimen was 445 Hv. It was found that the Vickers hardness increased with cooling rates, and to obtain microstructures composed of martensite and bainite, cooling rate must be lower than 3.0 °C /s. 
Restoration Process of Full-Size Worn Wheels
The process of restoring worn-out wheels by submerged arc welding is shown in Figure 8 . First, a target wheel was visually inspected to find surface defects. If no severe defects were found, after an acid rinse of the surface, a more accurate defect inspection was carried out using an ultrasound and magnetic particle inspection. The next step was preheating. The wheel was heated to 300 °C at 50 °C /h and maintained at that temperature for one hour. Then the wheel was moved to the welding site. A φ2.0 welding wire with C 0.06 wt.%, Mn 2.37, Si 1.38, Cr 0.90, Ni 0.53, Ti 0.026, V 0.06 was used for the submerged arc welding at temperatures above 160 °C . The hardness of the welding wire was 280-283 HRc. After welding, the wheel was moved to a furnace at 300 °C , then cooled to 260 °C by natural cooling. From 260 to 100 °C the wheel was cooled at a rate of 40 °C /h or less by operating the cooling fan, then taken out from the furnace. To check welding defects, ultrasound testing and magnetic particle testing were performed. Finally the welded wheel was machined into the specified profile. (c) (d) Figure 9 represents the micrographs taken by scanning electronic microscope In the SEM photographs, the black part is ferritic. It was found that the fusion zone was composed of bainitic microstructures (See Figure 7 in [14] ), which was expected. Tensile specimens with a diameter of 8 mm and a length of 90 mm (gauge length 40) were taken from the weld metal of the wheel (Figure 8d ). The measured tensile properties are given in Table 2 . YS0.2% indicates the 0.2% offset yield stress; UTS, the ultimate tensile stress; f  , the elongation rate; R.A., the rate of reduction area. The values satisfied the international standard for railway wheels, BS EN 13262+A1:2009-01. Compact tension fracture toughness specimens with a thickness of 30 mm (ASTM E399 standard) were produced from the rim of the welded wheel (Figure 8d ). It was confirmed that the specimen satisfied the conditions of linear elastic fracture mechanics according to the ASTM E399 standard. The fracture toughness of the weld metal, IC K was 64.85 MPa m at 20 °C , which was a little lower than the minimum value, 70 MPa√ specified in the EN 13262+A1 standard, Rockwell hardness values measured in the weld metal, HAZ, and base material were 62.5, 57.7, and 51.3 HRA, respectively. The Brinell hardness number in the weld metal was 321 HB. The content of nonmetallic inclusions was determined in two specimens taken from the weld metal according to the ISO 4967:2013(E) method A. In this method, the shapes of inclusions examined at 100x magnification of 0.5 mm 2 were compared with the reference inclusion images. A metallurgical microscope (Olympus BX51M, Tokyo, Japan) was used. The index number for each inclusion is shown in Table  3 , which satisfies the micrographic cleanness specified in the international standard for railway wheels (BS EN 13262+A1:2009-01). Table 2 . Tensile properties of the specimen prepared from the weld metal. Residual stress is also one of the factors to be examined. There are many residual stress measuring techniques [15] such as Barkhausen noise method, X-ray diffraction method, neutron diffraction method, ultrasonic method, hole drilling technique, ring-core method, deep-hole method, sectioning technique, contour method, etc. Each method has disadvantages and advantages. In this study, residual stresses on the wheel section in the radial direction were measured using the X-ray diffraction residual stress analyzer with Cr tube installed (wave length λ = 2.291 Å ) (μ-X360s, Pulstec, Hamamatsu, Japan), which uses the cos α method. This method captures diffracted X-ray beam by a 2 dimensional detector, so measurement is faster and more convenient than the traditional sin 2 ψ method, which detects diffracted X-ray beam by line detectors. Delbergue et al. [16] and Lee et al. [17] showed that the cos α method provides a better measurement repeatability than the sin 2 ψ method. Figure 10 and Table 4 show the measuring points and measured residual stresses, σx and σy. The σx values ranged from −21~−256 MPa. The σy values ranged from −256~+86 MPa. Young modulus, 224 GPa, and Poisson ratio, 0.28 were used. According to the experimental results by Neslušan et al. [18] , who measured the residual stress in the radial section of a wagon wheel using X-ray diffraction method, the residual stress ranged from −300 to −100 MPa for the wheel subjected to six years of operation. Nejad [19] simulated quenching and annealing process of a railway wheel using finite element method and obtained residual stress. Stress components on the wheel tread were in the range of −60~−330 MPa. Comparing the above three cases, the residual stresses occurring in the overlay welding are not likely to be a problem in application. 
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Results and Discussion
It was confirmed that the process of restoring worn wheels by submerged arc welding produced an expected bainitic alloy, whose mechanical properties seemed to be practically applicable. So as a next step, a full scale wear test was carried out using a wheel/rail rolling wear tester. Figure 11 shows the test equipment. The wheel disc and the rail disc are driven by independent motors, so slip between the two discs can be controlled. The available diameter of the discs is 300-1000 mm. The maximum rotation speed is 2360 rpm. In this study, the two discs had a diameter of 820 mm. the rail disc had a contact width of 21 mm and a radius of curvature 300 mm (convex tread). Four rail discs were made of UIC rail material [20] . Three wheel discs were produced as described in the previous section (Figure 8d ) without the flange, and a new wheel disc was prepared from a commercial wheel by machining. The contact width of the wheel disc was 135 mm. The axial loading was applied using a radial actuator. The initial contact stress was 800 MPa according to the Hertz contact theory. The rotating speeds of the rail disc and wheel disc were 505 and 520.2 rpm, respectively (2% slip rate). 4 pairs of wheel/rail discs were tested for 12 h under the above-mentioned conditions. Wear depth was measured using a laser scanner installed above the two wheels at the end of 3, 6, 9, and 12 h from the start of the test. Figure 11c shows the wear depth measurement method. When the test was suspended, the laser scanner measured the vertical distance, d, from the laser point to the 450 points on the wheel tread by moving the scanner horizontally. The measurement continued while rotating the wheel by one degree steps. The average vertical distance of 360 circumferentially-measured values was used to obtain the wheel tread profile in Figure 12 . Three repaired wheels showed similar profiles. For the new wheel, the maximum wear depth (the current distance minus the initial distance) was 0.12 mm at the end of 12 h. For the repaired wheels, the maximum wear depth was about 0.65 mm. It was found that the wear depth was less than half of the wear depth of the weld-repaired wheel, which were weld-repaired, but had ferritic-pearlitic microstructures [21] . No defects were detected on the surfaces of the wheel and rail discs. Cracks on the wheel surface occur due to severe deformation, ratchetting, surface defects, and rolling contact fatigue, etc., and may propagate into the wheel. An appropriate level of wear can remove initial surface cracks before they grow to a critical length. Therefore, it is not always good for the wheel material to have great resistance to wear. Optimal wear resistance is needed for railway wheel materials. Figure 13 represents the surface roughness profiles measured (Mitutoyo Surftest SJ-301, Kawasaki, Japan) along the axle direction on the wheel tread. Before the test the surfaces showed regular patterns due to machining. For the new wheel before and after the test, the roughness value changed from 2.4 to 0.24 in Ra (arithmetical mean deviation of roughness) scale. For the repaired wheels, the roughness value changed from 1.73 to 0.46. 
Conclusions
It was found that the process developed for restoring worn wheels using the submerged arc welding successfully produced an expected bainitic alloy in the weld metal. The composition of the welding wire (C 0.06 wt.%, Mn 2.37, Si 1.38, Cr 0.90, Ni 0.53, Ti 0.026, V 0.06) and post-weld heat treatment played important roles. It was found that the Vickers hardness increased with cooling rates, and to obtain microstructures composed of martensite and bainite, cooling rate must be lower than 3.0 °C/s. The tensile strength was 1074 MPa, elongation rate 23%, and Charpy impact energy 53 J, which satisfied the standard for commercial wheels. The weld metal also satisfied the micrographic cleanness specified in the International standard for railway wheels (BS EN 13262+A1:2009-01). The residual stress measured by the X-ray refraction method ranged from −256 MPa to +86 MPa. The full scale rolling wear test showed that the wear depth of the weld-repaired wheel with bainitic micro structure was much greater than that of the commercial wheel, but it was less than half of the wear depth of the weld-repaired wheel with ferritic-pearlitic microstructures. Considering the compromise between resistance to wear and resistance to rolling contact fatigue crack propagation, the wear resistance of the welding-repaired flange seemed to be appropriate, and the developed process could be very useful in industry and in future research.
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